JPET #59261 5 efficiency of synaptic communication. Direct imaging has confirmed that presynaptic function is enhanced during long-term potentiation (LTP) in the CA1 region of mammalian hippocampal slices (Zakharenko et al. 2001 ). At present, however, only a few studies have been conducted to investigate the potential role of neurotransmitter release in CPEE-induced alterations in synaptic plasticity (Savage et al., 1998 (Savage et al., , 2002 , and none have examined endogenous glutamate and GABA release simultaneously. The purpose of this study was to determine the effects of CPEE, via daily maternal administration of ethanol, on electrically stimulated amino acid neurotransmitter release in the hippocampus of the adult guinea pig. In addition, we compared the effects of CPEE on performance in two different learning paradigms, spatial navigation in the water maze and conditioned responding in a lever pressing task, which may be adversely affected by CPEE.
JPET #59261 7 to GD 67. All treatments were administered in two equally divided doses two hours apart, beginning between 0800 h and 0930 h each day. At GD 57, a 200-µl sample of blood was taken from an ear blood vessel of each ethanol-treated animal 1 h after the second divided dose, and a gas-liquid chromatographic method (Steenaart et al., 1985) was used to determine blood ethanol concentration. Blood also was taken from the sucrose-treated and water-treated guinea pigs to control for the stress induced by the procedure.
Morris Water Maze
The Morris water maze consisted of a circular pool 180 cm in diameter. Water, made opaque by the addition of a nontoxic white paint, was used to fill the maze. A hidden escape platform, 30 cm in diameter, was located in the centre of one of the quadrants of the pool 2 cm below the surface of the water. The water temperature of the maze was maintained at 21-22°C.
Beginning at approximately PD 50 (range, PD 45-55), male and female offspring were trained in the water maze for seven consecutive days (acquisition phase). Four trials were administered on each day, given in two blocks of two trials with a 5-min rest period between the blocks. For each trial, the animal was placed into one quadrant of the pool, facing the wall.
Animals were allowed a maximum of 45 s to swim to the hidden escape platform; animals that failed to locate and mount the platform within this time limit were retrieved from the pool and placed on the platform. Once on the platform the animal was allowed to remain on it for 15 s.
The time to reach the hidden platform was recorded for each trial. Four different start positions, one from each quadrant of the pool, were used in a randomized order for the four trials administered each day. All trials were videotaped using a camera mounted above the pool.
Seven days after the last day of training, a probe trial was administered to test retention performance. This involved removing the escape platform from the pool, and allowing the JPET #59261 8 animal to explore the pool for 60 seconds. The time spent in the quadrant where the platform was located during training was recorded.
Conditioned Responding Subjects
The subjects were male and female guinea pig offspring from mothers in one of the three chronic maternal treatment regimens: ethanol, isocaloric-sucrose/pair-fed, and water treatments.
Where possible, subjects were chosen such that there was a male and female animal from each litter in each treatment group. When litters did not contain a male and female, either two offspring of the same sex were chosen or a single member was included, in order to make the male:female ratio as uniform as possible. The number of subjects in each group were: 4 females and 7 males from the ethanol treatment group (ethanol, n = 11 offspring obtained from 8 litters), 7 females and 5 males from the isocaloric-sucrose/pair-fed treatment group (sucrose, n = 12 offspring obtained from 8 litters), and 6 females and 6 males from the water treatment group (water, n = 12 offspring obtained from 8 litters). Training in the operant paradigm began on average at about PD 63 (S.E.M. = +0.40).
Animals were kept on a 12-hr light/dark cycle, with lights on at 0700. Prior to the start of operant training, subjects were given ad libitum access to both food and water; during operant training, animals were food deprived for approximately 7 h before each session. Subjects had ad libitum access to water at all times. On the day before training began, subjects were exposed to sucrose by adding approximately 16 g of sucrose pellets to their food.
Apparatus
Training occurred in operant boxes (26.5 cm long x 22.0 cm wide x 20.0 cm high), with each animal housed individually in a sound-attenuating chamber. The operant chamber was fitted with two retractable levers (4-cm wide), positioned on one wall, 13 cm apart and 5 cm This article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on November 4, 2003 as DOI: 10.1124 at ASPET Journals on January 8, 2018 jpet.aspetjournals.org Downloaded from above the plexiglass floor. A food magazine was located between the two levers. Sucrose pellets (45 mg, Bio-Serv, NJ, USA) were delivered to the magazine via a pellet dispenser (Med Associates, Vermont, USA). Pellet delivery was signaled by a dim light located 4 cm above the magazine, and infrared sensors detected pellet collection. An IBM-type computer controlled the operant equipment and was used to collect data (software written in house).
Habituation
Habituation to the operant chambers occurred for 30 min per day. During habituation sessions, animals were placed in the operant chambers. Levers remained retracted for these sessions and 20 sucrose pellets were delivered at random intervals. Subjects were required to make a minimum of 20 nosepokes to the magazine in at least one of two sessions in order to progress to the next stage of training. Subjects that did not reach criterion after 8 days were removed from training. Five females and 6 males from the water group (n = 11), 7 females and 2 males from the sucrose group (n = 9), and all animals from the ethanol group (n = 11) completed this phase of training.
Continuous Reinforcement (CRF) Training
During CRF training, both levers were extended into the chamber. One lever was designated the reinforced lever, and one pellet was delivered for each press on this lever. The depression of the other lever had no consequences. Levers were counterbalanced such that half the animals in each group had the right lever reinforced, and the other half the left lever reinforced. Subjects completed one session per day. A maximum of 50 sucrose pellets could be obtained in a 30-min session, and if the maximum was reached before 30 min, the session was terminated. The number of reinforced and non-reinforced lever presses was recorded. To complete the CRF schedule, an animal had to receive at least 45 rewards and make at least 75% of their responses on the reinforced lever on two consecutive days. Subjects that did not reach this criterion after 20 days were removed from training. Twenty days is approximately two standard deviations higher than the average number of days required by the subjects that successfully reached criterion. Four females and 5 males in the water group (n = 9), 4 females and 2 males in the sucrose group (n = 6), and 3 females and 5 males in the ethanol group (n = 8) completed this phase of training.
Increasing Fixed Ratio (FR) Schedules
Subjects reaching the CRF schedule criterion were moved onto a FR schedule. Session parameters and lever designations were the same as those used during the CRF training.
Criterion to complete a given FR schedule was two consecutive days in which the animal received at least 45 sucrose pellets and made at least 75% of their responses on the reinforced lever. The schedule increased by increments of two (eg. FR-3, FR-5, FR-7) to a maximum of FR-33. Subjects that did not reach criterion for a given schedule after 8 days were removed from training. Eight days is approximately two standard deviations higher than the average number of days taken for the remaining subjects to reach criterion at each FR step. Three animals (2 from the water group and 1 from the ethanol group) completed FR-33. Data for the first two-thirds of subjects not reaching criterion were organized into six blocks, as shown in Table 1 . Analyses by likelihood ratio χ 2 tests of the drop-out rates revealed no differences between treatment groups (p > 0.05). Therefore, the remaining subjects, 2 from the water group, 4 from the sucrose group, and 5 from the ethanol group, were also moved from FR training to extinction sessions.
Extinction
All subjects tested under increasing FR schedules were tested in extinction. Animals 
Hippocampal Slice Preparation
Between PD 70 and PD 100, male and female guinea pig offspring were weighed, anaesthetized with halothane and euthanized by decapitation. The brain was quickly excised, weighed, and placed in ice-cold buffered saline (118 mM NaCl, 4.8 mM KCl, 1.2 mM KH 2 PO 4 , 1.3 mM CaCl 2 , 1.2 mM MgSO 4 , 25 mM NaHCO 3 , and 10 mM glucose, pH 7.4, saturated with 95% O 2 /5% CO 2 ). A vibrating microtome (TSE Systems, Hamburg, Germany) was used to cut 400-µm-thick coronal slices containing dorsal hippocampus. In a small petri dish filled with icecold, oxygenated, buffered saline, the hippocampal tissue was carefully isolated using fine-tipped brushes, and the left and right hippocampi in each slice were separated by scalpel cut. The hippocampal slices were randomly separated into two sets, and used for determination of either the input-output relationship between electrical stimulation and amino acid neurotransmitter release, or the effects of tetanic stimulation on electrically stimulated amino acid neurotransmitter release.
Basal and Electrically Stimulated Amino Acid Neurotransmitter Efflux
A superfusion system (BSC-440, Warner Instruments, Hamden, CT) was used to determine basal and electrically stimulated release of glutamate and GABA in the hippocampus.
The superfusion system was coupled to a bipolar pulse generator (BTS-404, Warner Instruments, Hamden, CT) for electrical stimulation of hippocampal slices in the four perfusion chambers. A single hippocampal slice was placed into each chamber of the apparatus, which then was submerged in a 37°C water bath, and slices were perfused throughout the experiment with oxygenated, buffered saline at a flow rate of 0.8 ml/min. After a 2-h equilibration period, two 3-min perfusate fractions were collected and used to determine baseline neurotransmitter release.
This article has not been copyedited and formatted. The final version may differ from this version. In half of the chambers, sequential, increasing stimulation strengths of 25, 50, 60 and 75 mA (20 Hz, 5-ms pulse width, 3-min duration) were delivered. For each stimulus applied, three consecutive 3-min perfusate fractions were used to capture the evoked neurotransmitter release.
Collection of the first fraction began simultaneously with initiation of electrical stimulation, and delivery of the next stimulus began following collection of the third fraction (interpulse interval of 6 minutes). Pilot studies showed that this time interval was sufficient for the release of amino acid neurotransmitter substances to return to baseline (data not shown). The remaining chambers were used for the tetanus-induced potentiation paradigm. A control, submaximal stimulus of 50 mA (20 Hz, 5-ms pulse width, 3-min duration) was given, and three 3-min fractions were collected as described for the input-output paradigm. Following completion of collection of the third fraction, a tetanizing stimulus was applied to the chamber (five trains of stimulation at 99 mA, 100 Hz, 2-ms pulse width, interstimulus interval of 5 s). At 5 and 15 min after the end of the tetanus, a 50 mA submaximal stimulation identical to the pre-tetanus control stimulus was administered, and three 3-min fractions were collected as previously described. Following experimentation, the hippocampal slice in each chamber was digested in 1 N NaOH, and the amount of protein was determined using a modified Lowry assay (Lowry et al., 1951) .
Amino Acid Analysis
Glutamate and GABA in the perfusate fractions were quantified using reverse-phase high-performance liquid chromatography (HPLC) with fluorescence detection of their thiolsubstituted isoindole derivatives (Butters et al., 2000) . The individual hippocampal slices were considered viable and included in data analysis if the amount of neurotransmitter release in the perfusate was stable over the two basal fractions (<30% variation) and the 50 mA stimulation increased neurotransmitter amount by at least 1.5-fold above basal value.
This article has not been copyedited and formatted. The final version may differ from this version. was calculated as the sum of total efflux minus basal efflux for each of the three fractions collected for that stimulus, and expressing the data as the fold-increase above basal efflux.
Statistical Analyses
The data are presented as group means±S.E.M. Pregnancy-outcome parameters were analyzed by one-way analysis of variance (ANOVA) coupled with Newman-Keuls test for multiple comparisons. There was no evidence of sex differences, and sex did not interact with treatment on any behavioral measure. Thus, the data for male and female subjects in a treatment group were combined for all statistical analyses. Morris water maze data were analyzed by repeated-measures two-way ANOVA with day as the within-subject factor. For the Conditioned
Responding experiments, the number of days to reach criterion for the CRF schedule was analyzed using a one-way ANOVA with treatment as the between-subjects factor. Extinction data were analyzed in a three-way repeated measures ANOVA with treatment group (ethanol, sucrose, water) as the between-subjects variable, and day of training (one to four) and lever (reinforced, non-reinforced) as within-subjects variables. When the assumption of sphericity was violated, a Huynh-Feldt correction was used to adjust the degrees of freedom. All statistically significant effects and interactions of interest were analyzed further using an estimated marginal means procedure with a Bonferroni correction for multiple comparisons. Stimulated neurotransmitter efflux data were analyzed by two-way ANOVA for effects of treatment and stimulus (intensity, or temporal relationship to tetanus), followed by two-tailed, unpaired t-tests 
Results

Pregnancy Outcome
Pregnancy outcome data are shown in Table 2 . CPEE, via chronic oral administration of 3 g ethanol/kg maternal body weight/day, had no effect on average litter size or distribution of male and female offspring ( Table 2) . Length of gestation increased in the ethanol treatment group compared with the isocaloric-sucrose/pair-fed and water treatment groups. There was one instance of maternal death in the ethanol treatment group at parturition. Perinatal death occurred in one isocaloric sucrose/pair-fed litter, in which two of the four offspring died at birth. There was one instance of spontaneous abortion in each of the ethanol and water treatment groups, and two instances in the isocaloric-sucrose/pair-fed group. Maternal blood ethanol concentration, determined on GD 57 at 1 h after the second divided dose, was 244±11 mg/dl (n=7, range 208-300 mg/dl).
Morris Water Maze
The chronic maternal ethanol regimen did not affect task acquisition in the Morris water maze (Fig. 1) . Probe trials administered seven days after completion of the training (acquisition) phase did not reveal differences among the offspring of the three treatment groups (Fig. 1) .
Conditioned Responding Continuous Reinforcement (CRF) Training
The mean number of days to reach criterion for offspring in the ethanol, sucrose, and water treatment groups was 9.88 +1.81, 11.17 +3.59, and 10.17 + 1.96, respectively. There was no difference in this measure among the three groups (F(2, 20) = 0.07, p > 0.05). day-by-lever-by-group interaction (F(5, 47) = 3.06, p < 0.05). Lever responding decreased over the four days of training in all groups (F(3, 51) = 8.39, p < 0.05); however, the effect interacted with lever (F(2, 47) = 9.38, p < 0.05). Post hoc tests showed that this lever-by-day interaction was due to the fact that non-reinforced lever presses did not change across days, whereas reinforced lever presses were higher on days one and two than on days three and four (p < 0.05).
Extinction
All offspring responded more on the previously reinforced lever than on the nonreinforced lever (F(1, 20) = 35.78, p < 0.05), an effect that interacted with treatment (F(2, 20) = 4.61, p < 0.05). Post hoc tests for this lever-by-treatment interaction revealed that the offspring of the ethanol group had a higher number of presses on the previously reinforced lever compared with the water and sucrose groups (p < 0.05). The offspring of the water and sucrose groups did not differ in the number of previously reinforced lever presses, and there were no group differences in responding on the non-reinforced lever.
During extinction sessions, responses of animals in the three treatment groups were different (F(2, 20) = 4.04, p < 0.05), and this effect interacted with day (F(5, 51) = 3.74, p < 0.05). Post hoc analyses revealed that, on the first day of extinction, offspring of the ethanol group responded more than the animals of both the sucrose and water groups (p < 0.05), whereas there was no difference in responding for offspring in the water group and sucrose group. On the second day of testing, animals in the ethanol group responded more than those in the water group (p < 0.05). There was no difference in the rate of responding between offspring in the sucrose and water groups, or between offspring in the sucrose and ethanol groups. Responses of animals in the three treatment groups for the third and fourth days of extinction were not different.
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Amino Acid Neurotransmitter Efflux in Hippocampal Slices
The basal efflux of glutamate and GABA was not different among the treatment groups (Table 3 ). The data for the isocaloric-sucrose/pair-fed and water treatment groups were not different for any of the parameters measured; hence, these control treatment groups were collapsed into a single control group for the purpose of data analysis. The relationship between the strength of the electrical stimulus and the efflux of glutamate and GABA (input-output relationship) is shown in Figure 3 . Neither the glutamate input-output relationship nor the GABA input-output relationship was affected by CPEE. High frequency, stimulus-induced potentiation of glutamate efflux in hippocampal slices ( 
Discussion
The guinea pig was chosen as the experimental animal model of human prenatal ethanol exposure because of its extensive prenatal brain development (Dobbing and Sands, 1979) . The timing of brain development is species-dependent, and therefore, putative critical periods of vulnerability to ethanol exposure probably vary across different animal species. The most rapid period of brain growth and development, the brain growth spurt (BGS), is one such putative critical period of vulnerability to ethanol. The BGS is a perinatal event in the human, a prenatal event in the guinea pig and sheep, and a postnatal event in the rat and mouse (Dobbing and Sands, 1979) . The guinea pig, therefore, is an appropriate animal model for human prenatal ethanol exposure, in which brain development may be affected by maternal oral ingestion of ethanol and subsequent transfer of ethanol across the placenta into the fetal compartment. The guinea pig has a placenta that is most similar to that of the human among rodent species, and has a trimester-equivalent type of gestation that is similar to that of the human (Martensson, 1984) .
Chronic prenatal ethanol exposure (CPEE), via maternal ethanol ingestion, results in persistent alterations in brain morphology, neurochemistry and behaviour. Offspring exposed to ethanol during gestation demonstrate deficits in spatial tasks sensitive to hippocampal damage, such as the Morris water maze (see review, Berman and Hannigan 2000) , suggesting that CPEE perturbs synaptic plasticity in the hippocampus. In our laboratory, previous studies have demonstrated that CPEE can induce deficits in both Morris water maze performance and longterm potentiation (LTP) in the CA1 region of the hippocampus , Iqbal, 2003 . Coincident pre-and post-synaptic activity is required for the generation of LTP, and recent studies have provided evidence that the increased excitability in hippocampal circuits that characterizes LTP requires changes in both excitatory and inhibitory mechanisms (Lu et al., 2000) . receptor-mediated inhibitory postsynaptic potentials may be a required step in LTP induction (Lu et al., 2000) . Furthermore, enhancement of GABAergic function in the hippocampus can inhibit LTP induction (Levkovitz et al., 1999) .
In this study, we report for the first time that CPEE induces alterations in the evoked release of the inhibitory neurotransmitter, GABA, in the hippocampus of postnatal guinea pig
offspring. An increase in post-tetanic potentiation of electrically stimulated GABA release could explain, at least in part, the deficits in hippocampal LTP previously observed in CPEE offspring . Interestingly, chronic ethanol exposure in the adult rat that is associated with long-lasting deficits in hippocampal LTP, also increases electrically stimulated GABA release in the hippocampus (Tremwell et al., 1994; Peris et al., 1997) . This increase in hippocampal GABA release after chronic ethanol exposure has been attributed to a deficit in presynaptic inhibition of GABA release mediated by GABA B receptor activation (Peris et al., 1997) . Thus, one possible explanation for the observations made in this study is that CPEE (1993) demonstrated that CPEE, at 4g ethanol/kg maternal body weight/day, resulted in greater behavioural dysfunction, manifesting as increased spontaneous locomotor activity, compared with 3 g ethanol/kg maternal body weight/day, suggesting that CPEE-induced deficits in performance in spatial learning tasks may be dose-dependent. Similar dose-dependent effects of CPEE on spatial task performance also have been observed in the rat (Savage et al. 2002) . In adult rat offspring exposed to ethanol during prenatal development, at a maternal blood ethanol concentration of 83 mg/dL, performance in the fixed-platform version of the Morris water maze was unaffected, whereas learning in a "moving-platform" version of the test was markedly impaired (Savage et al. 2002) . It will be of interest to determine whether the moving-platform version of the Morris water maze reveals performance deficits in guinea pig offspring exposed to the lower chronic maternal ethanol regimen employed in this study. Indeed, one of the goals of the current study was to determine whether a chronic maternal ethanol regimen, which is lower than that employed in previous studies, would induce neurobehavioural deficits in our animal model that would be revealed by more sophisticated operant-learning paradigms.
In contrast to the spatial navigation task, CPEE induced a pronounced behavioural deficit in an operant conditioning paradigm that manifested as high magnitude of responding on the previously reinforced lever during extinction trials. This result is remarkably consistent across multiple learning paradigms that measure adaptive response inhibition in experimental animals (Abel, 1982; Riley et al., 1979 Riley et al., ,1980 Driscoll et al., 1990 ) and children with fetal alcohol spectrum disorder (Mattson and Riley, 1998; Nanson and Hiscock, 1990; Streissguth et al., 1984) , indicating that common neuroanatomical structures and/or neurophysiological processes may be involved. Our data suggest that CPEE alters the regulation of presynaptic GABA release, resulting in increased release of this neurotransmitter, in the hippocampus during periods of high-frequency stimulation that would be consistent with deficits in the expression of synaptic 
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